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Crystal Structure of a Novel-Type Archaeal
Rubisco with Pentagonal Symmetry
Introduction
Ribulose 1,5-bisphosphate carboxylase/oxygenase (Ru-
Ken Kitano,1 Norihiro Maeda,2
Toshiaki Fukui,2 Haruyuki Atomi,2
Tadayuki Imanaka,2 and Kunio Miki1,3,4
1 Department of Chemistry bisco, EC 4.1.1.39) is the most abundant enzyme on
earth and plays a crucial role in CO2 fixation via theGraduate School of Science
Kyoto University Calvin-Benson cycle [1–3]. Rubisco catalyzes the addi-
tion of molecular CO2 to ribulose 1,5-bisphosphateSakyo-ku
Kyoto 606-8502 (RuBP), generating two molecules of 3-phosphoglycer-
ate (3-PGA). This reaction (carboxylase reaction) is the2 Department of Synthetic Chemistry
and Biological Chemistry major gateway from atmospheric inorganic carbon to
organic carbon in our biosphere, and 3-PGA is used forGraduate School of Engineering
Kyoto University the construction of all organic cell materials. However,
as a competitive side reaction, Rubisco also catalyzesSakyo-ku
Kyoto 606-8501 the addition of O2 to RuBP, generating one molecule of
3-PGA and one molecule of 2-phosphoglycolate. This3 RIKEN Harima Institute/SPring-8
Koto 1-1-1 side reaction (oxygenase reaction) is the first step of
photorespiration, which consequently decreases the netMikazukicho
Sayo-gun efficiency of CO2 fixation. Another unfavorable charac-
teristic of Rubisco is its extremely low turnover rate (oneHyogo 679-5148
Japan of the lowest among known enzymes). With expecta-
tions of enhancing the efficiency of the global crop yield,
extensive studies of Rubisco have been carried out in
plants, algae, cyanobacteria, and photosynthetic bacte-
Summary
ria. However, it has remained difficult to engineer an
improved Rubisco with enhanced specificity toward the
Background: Ribulose 1,5-bisphosphate carboxylase/
carboxylase reaction or with a higher turnover rate [4].
oxygenase (Rubisco) is the key enzyme of the Calvin-
Rubiscos from plants and bacteria have so far been
Benson cycle and catalyzes the primary reaction of CO2 classified into two types (type I and type II) according
fixation in plants, algae, and bacteria. Rubiscos have
to their primary and quaternary structures [1, 2, 5]. Type
been so far classified into two types. Type I is composed
I Rubisco, which exists in all plants and some bacteria,
of eight large subunits (L subunits) and eight small sub-
is composed of eight large subunits (L subunits) and
units (S subunits) with tetragonal symmetry (L8S8), but eight small subunits (S subunits) with tetragonal symme-
type II is usually composed only of two L subunits (L2). try (L8S8). In contrast, type II Rubisco, found in someRecently, some genuinely active Rubiscos of unknown
bacteria, is usually only a dimer of L subunits (L2). Crystalphysiological function have been reported from archaea.
structures of type I Rubisco from spinach [1, 2, 6–12],
tobacco [1, 2, 13–18], Synechococcus PCC6301 [19, 20],
Galdieria partita [21], Alcaligenes eutrophus [22], andResults: The crystal structure of Rubisco from the hy-
type II from Rhodospirillum rubrum [1, 2, 23–29] haveperthermophilic archaeon Thermococcus kodakara-
already been reported.ensis KOD1 (Tk-Rubisco) was determined at 2.8 A˚ reso-
On the other hand, recent genome studies have dem-lution. The enzyme is composed only of L subunits and
onstrated the presence of putative Rubisco genes inshowed a novel (L2)5 decameric structure. Compared
archaeal strains such as Methanococcus jannaschiito previously known type I enzymes, each L2 dimer is
(MJ1235) and Archaeoglobus fulgidus (AF1638), sug-inclined approximately 16 to form a toroid-shaped de-
gesting a general, although as of yet unknown, functioncamer with its unique L2-L2 interfaces. Differential scan-
of the gene product. We have previously shown that aning calorimetry (DSC), circular dichroism (CD), and gel
putative Rubisco gene in the hyperthermophilic arch-permeation chromatography (GPC) showed that Tk-
aeon Thermococcus (previously Pyrococcus) kodakara-Rubisco maintains its secondary structure and deca-
ensis KOD1 [30] actually encodes a protein (Tk-Rubisco)meric assembly even at high temperatures.
with bona fide Rubisco activity [31]. The amino acid
sequence of Tk-Rubisco (type III) is only 36% and 30%
Conclusions: The present study provides the first identical to that of the representative type I (spinach)
structure of an archaeal Rubisco, an unprecedented (L2)5 and type II (R. rubrum) enzymes, respectively (Figure 1).
decamer. Biochemical studies indicate that Tk-Rubisco The amino acid sequences of spinach and R. rubrum
maintains its decameric structure at high temperatures. Rubiscos also display low similarity (only 28% identical),
The structure is distinct from type I and type II Rubiscos indicating the presence of three distinct types of Ru-
and strongly supports that Tk-Rubisco should be classi- biscos. The recombinant Tk-Rubisco is extremely ther-
fied as a novel type III Rubisco.
Key words: crystal structure; hyperthermophilic archaea; ionic net-
work; pentagonal decamer; Rubisco4 Correspondence: miki@kuchem.kyoto-u.ac.jp
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Figure 1. Aligned Amino Acid Sequences of Types I, II, and III Rubiscos
The sequences of Rubisco L subunits from T. kodakaraensis KOD1 (Tk, type III), spinach (Sp, type I), and R. rubrum (Rr, type II) are shown.
The alignment was adjusted manually according to the three-dimensional structures. Secondary structure elements of Tk-Rubisco are shown
at the top, and residues whose electron densities were not observed are shown as dashed lines. Identical residues in all three types are
boxed. Active site residues that interact with the RuBP molecule or Mg2 ion in type I [11] and type II [27] are colored in blue. Residues of
type I that interact with S subunits (within 3.2 A˚) and residues of Tk-Rubisco involved in L2-L2 interactions (within 3.2 A˚) are colored in green
and red, respectively.
mostable and displays maximum activity at 90C. The ment trials using previously determined type I and type
II Rubisco structures were unsuccessful. The phasesspecific activity was 19.8  103 nmol of CO2 fixed per
minute/mg, approximately 10-fold higher than that of the were determined by single isomorphous replacement
with anomalous scattering (SIRAS) method using a sa-type I spinach Rubisco at 25C. Moreover, Tk-Rubisco
shows high specificity toward the carboxylase reaction, marium chloride derivative. The asymmetric unit of the
crystal was found to contain five monomers, and thewith  values (ratio of the specificities of the carboxylase
and oxygenase reactions of Rubisco) over 200 at tem- noncrystallographic symmetry (NCS) averaging signifi-
cantly improved the electron density map. The structuralperatures above 70C. These remarkable enzymatic
properties of Tk-Rubisco encourage the utilization of model was finally refined at 2.8 A˚ resolution, with R 
22.4% and Rfree  25.4%. The monomer is composedthis enzyme in protein engineering. Through studies on
the native enzyme in KOD1 cells, we have shown that of 444 amino acids, and the present model contains 428
residues (12–318 and 324–444). The statistics of phasingS subunits are not present in the native Tk-Rubisco [32].
Rubiscos from M. jannaschii and A. fulgidus have also and refinement are summarized in Table 1.
been reported to show Rubisco activity in the absence
of S subunits, and putative S subunit genes have not Monomer and Dimer Structures
In spite of the low sequence homology among type I,been identified on their chromosomes [33].
Here, we report the crystal structure of Tk-Rubisco type II, and Tk-Rubisco (type III; Figure 1), monomer (L)
and dimer (L2) structures are well conserved in theseas the first structure of an archaeal Rubisco. The enzyme
displays a novel decameric assembly, (L2)5, composed three types (Figures 2 and 3). The overall primary struc-
ture of Tk-Rubisco is more similar to that of type I, exceptonly of L subunits. We also provide evidence that the
decameric assembly of Tk-Rubisco is maintained even that the C-terminal short region (residues 418–428, con-
taining G) resembles that of type II. However, residuesat high temperatures. From these results, we propose
that Tk-Rubisco should be classified as a novel type III that interact with the S subunits in type I enzymes are
not conserved in Tk-Rubisco (Figure 1), which supportsRubisco.
the previous observations that Tk-Rubisco does not re-
quire S subunits [32].Results and Discussion
The monomer structure is generally separated into
two domains (Figure 2). The smaller N-terminal domainCrystal Structure Determination
The recombinant Tk-Rubisco was crystallized using am- consists of a five-stranded mixed  sheet with two 
helices on one side of the sheet. The larger C-terminalmonium sulfate as a precipitant [32]. Molecular replace-
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Similar to type I and type II Rubiscos, the L2 dimer isTable 1. Crystallographic Statistics of Tk-Rubisco
the catalytic unit of Tk-Rubisco, and the active site is
Data Collection Native SmCl3 located at the interface between the C-terminal domain
Source PF-BL6A, 6B PF-BL18B of one subunit (at the carboxyl side of the  strands)
Wavelength (A˚) 1.00 1.59 and the N-terminal domain of the other subunit. Resi-
Temperature ambient ambient
dues from both domains contribute to the formation ofSpace group P3121 P3121
the active site. Two SO42 molecules from a precipitantCell parameters (A˚)
for crystallization were observed to be bound to thea 233.7 233.7
c 93.3 93.3 active site of Tk-Rubisco in the present study (Figure
Resolutiona (A˚) 100–2.8 (2.9–2.8) 100–2.8 (2.9–2.8) 2). The plausible structural model of RuBP could be
Reflections well fitted to the active site by superimposing the two
Total 784,332 595,808
phosphate groups of RuBP on these highly anionic SO42Unique (I/	 
 1.0) 64,453 64,072
molecules. The position of the samarium ion in theCompleteness (%) 89.5 (65.5) 88.9 (58.2)
heavy-atom derivative has also been found to coincideI/	
 11.8 (3.4) 13.5 (2.4)
Rmerge (%)b 9.1 (33.5) 9.5 (23.0) with that of the magnesium ion observed in the catalytic
site of activated type I and type II enzymes [1, 2, 34].Phasing
Since the amino acid sequence and three-dimensional
Riso (%)c 13.0 structure around the active site are remarkably con-
Phasing powerd
served in all three types (Figures 1 and 3), it is likely thatAcentric 1.14
Tk-Rubisco functions by the same mechanism as thoseCentric 1.11
of types I and II. In type I and type II enzymes, theRcullise
Acentric 0.79 formation of carbamate group by reaction of a CO2 mole-
Centric 0.69 cule with the ε amino group of a lysine residue at the
Rcullis/anomalousf 0.83 active site, which is followed by rapid binding of Mg2,
Mean figure of merit
has been found to be necessary for both the carboxylaseAcentric 0.32
and oxygenase activities [1, 2, 34]. The activator CO2 isCentric 0.47
distinct from the substrate CO2 and is not incorporated
Model refinement
into 3-PGA during catalysis. Tk-Rubisco would also
R (%)/Rfree (%)g 22.4/25.4 need the carbamylation of Lys 189 following Mg2 bind-
Number of atoms ing for its activation. Furthermore, as observed in the
Protein 16,890 crystal structures of type I and type II enzymes, the
Solvent 50
highly mobile region, loop 6, would cover the active siteRms bond length (A˚) 0.007
of Tk-Rubisco during the catalytic reaction to isolate theRms bond angles () 1.404
Ramachandran plot (%) substrates from the solvent and to provide the neces-
Most favored 82.1 sary amino acid (Lys 322) for the reaction [1, 2, 34].
Additional allowed 15.7 Putting these results together, though the physiological
Generously allowed 1.9 function of archaeal Rubisco remains unclear, the pres-
Disallowed 0.3
ent L2 structure is no doubt the common architecture
a Statistics for the outer resolution shell are given in parentheses. for Rubisco. However, the present structure of the non-
b Rmerge  |Ii  Ii
|/Ii
, where Ii is the observed intensity and activated, unliganded Tk-Rubisco does not provide a
Ii
 is the average intensity over symmetry equivalent measure- structural basis for the high specific activity and carbox-ments.
ylase specificity of the enzyme. Crystallographic analy-c Riso  ||FPH|  |FP||/|FP|, where FPH and FP are the derivative and
ses of the enzyme complexed with various substrates,native structure factors, respectively.
d Phasing power  |FH|/||FPH|  |FP  FH||
, where FH, FPH, and e.g., RuBP, 3-PGA, and 2-carboxyarabinitol bisphos-
FP are the heavy atom, derivative, and native structural factors, phate (inhibitor of Rubisco), now underway, should clar-
respectively. ify the structures specific to Tk-Rubisco.
e Rcullis  ||FPH|  |FP  FH||
/||FPH|  |FP||
.
f Rcullis/anomalous  |FPH ()  FPH ()|  2  FH  sin p
/|FPH () 
FPH ()|
, where P is the protein phase.
Decamer Structure and Ionic Interactionsg R  ||Fobs|  |Fcalc||/|Fobs|. Rfree is the same as R but for a 10%
Tk-Rubisco is a toroid-shaped decamer with point groupsubset of all reflections that were never used in crystallographic
refinement. symmetry 52, constructed from five dimers, (L2)5 (Figures
4a and 4b). The total molecular weight of the decamer is
497 kDa (49.7 kDa/monomer). The toroid has a maximal
diameter of 150 A˚ and a thickness of 105 A˚, whichdomain consists of an eight-stranded / barrel. In the
present structure of Tk-Rubisco, the electron densities agrees well with the previous electron microscopic
study of this enzyme [32]. In the L8S8 structure of typewere not observed for the N-terminal residues 1–11,
where the first  strand (A) is expected from type I and I enzyme, L2 dimers are aligned by the side-to-side inter-
actions to form the (L2)4 core (Figures 4c and 4d). How-type II structures, and for a highly mobile region, loop
6 (residues 319–323). The extra  helix O (residues ever, this assembly leaves gaps between L2 dimers (Fig-
ure 4c), which are filled up with the S subunits. In64–70), which has also been observed in the thermo-
philic G. partita enzyme (type I) [21], is involved in the contrast, Tk-Rubisco shows a different assembly with
its unique region for L2-L2 interactions, and each L2 dimerdecamerization of Tk-Rubisco (described in the next
section). is inclined approximately 16 along the two-fold axis,
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Figure 2. Monomer Structure of Tk-Rubisco
Ribbon diagram (stereoview) of Tk-Rubisco
monomer. The structure is colored gradually
from dark blue (N terminus) to red (C termi-
nus). The Fo-Fc omit electron density map for
the two SO42 molecules are shown in green
(contoured at 6 	). A structural model of the
RuBP molecule, derived from the crystal
structure of type I Rubisco [11], is shown in
the ball-and-stick representation. The samar-
ium ion in the heavy-atom derivative is shown
as a magenta sphere, which could represent
a magnesium ion. Loop 6 was not observed
in the electron density map.
compared with that of type I (L2)4 core (Figures 4b and especially to the structural thermostability of the active
sites, which are also located at the L-L dimerization4d). Nevertheless, two active sites of each L2 dimer are
exposed to the outer solvent similarly to type I, which surface. Intersubunit ionic networks have also been
found to be important for the thermostability of the arch-would provide suitable access to the substrates.
In Tk-Rubisco, the buried surface area for L2-L2 inter- aeal glutamate dehydrogenases [35]. These ionic resi-
dues for the decamerization of Tk-Rubisco are not con-actions is composed of only 3.3% of the solvent-acces-
sible surface area of a dimer. However, 90% of the resi- served in either type I or type II enzymes (Figure 1).
dues that are in contact with the next dimer are ionic,
and an extensive ionic network was observed in this Electrostatic Surface Potential
In Tk-Rubisco, the electrostatic surface potential aroundsmall region (Figure 5). The helix O (Figure 2) plays an
important role in formation of the ionic network, which is the active sites of L2 dimer is similar to that of type I
and type II enzymes [36]. This similarity also suggestsmore loop-like in the case of type I and type II structures
(Figure 3). This L2-L2 interface for decamerization also that they have a common architecture for the catalytic
reactions. In contrast, a large negatively charged areaincludes a boundary of an L-L dimerization interface of
each dimer (Figure 6a), so that a monomer (D, in Figures is observed on the opposite side of the L2 dimer of Tk-
rubisco, facing the inside of the pentagonal decamer4b and 5) of one dimer is ionically cross-linked to both
monomers (A, B) of the next dimer. By this assembly, (Figure 6b). This is due to the fact that a number of
acidic residues (glutamic acid and asparatic acid) arerims of the L-L dimerization surface are glued by the
neighboring L2-L2 ionic networks on the decamerization extensively distributed in this surface area, whereas few
basic residues are. This is another notable characteristicsurface. Therefore, the ionic networks are considered
to stabilize not only the pentagonal (L2)5 assembly but of Tk-Rubisco that is distinct from type I and type II
enzymes and might be discussed as follows. The nega-also the L-L assembly in each dimer. It might contribute
Figure 3. Comparison of Types I, II, and III
Rubisco Monomers
Rubisco L subunits from spinach (type I), R.
rubrum (type II), and T. kodakaraensis KOD1
(type III) are shown in colors of green, blue,
and red, respectively. The orientation is the
same as in Figure 2.
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Figure 4. Oligomeric Structures of Rubiscos
(a) Decamer structure of Tk-Rubisco, with ribbon diagram from top view. Each monomer is shown in different colors and labeled from “A” to
“J.” Plausible structures of RuBP molecules and magnesium ions are marked in ellipses.
(b) Side view of Tk-Rubisco by 90 rotation from (a), with the AB dimer at the center.
(c) The (L2)4 core of type I Rubisco, with ribbon diagram from top view, where only L subunits in the L8S8 structure [11] are shown. Each
monomer is shown in different colors. RuBP molecules and magnesium ions are marked in ellipses.
(d) Side view of the (L2)4 core of type I Rubisco by 90 rotation from (c).
tive charge in the backside of each L2 dimer makes enzyme. Additionally, the negative charge in the back-
side of each L2 dimer implies that Tk-Rubisco cannotthe inside of the (L2)5 pentagonal ring highly negative.
Therefore, the inside of the ring is highly hydrophilic, form the (L2)4 core via the side-to-side (and rear-to-rear)
interactions like type I enzymes (Figures 4c and 4d).which is considered to enhance the solubility of this
Structure
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Figure 5. Stereoview of the L2-L2 Interface of Tk-Rubisco
C traces of AB and CD dimers are shown in the same color as in
Figure 4. The molecules are shown from the side view as in Figure
4b, with the two-fold axis in the middle of dimers perpendicular
to the plane of the figure. Side chains of ionic residues for L2-L2
interactions (within 2.8 A˚) are depicted by the stick model.
Structure at High Temperatures
X-ray analysis showed that Tk-Rubisco crystallized at
20C forms a decamer. However, the host cell T. koda-
karaensis KOD1 grows at temperatures above 90C, and
Tk-Rubisco also shows its maximum activity at 90C.
In order to investigate the molecular structure at high
temperatures, the following experiments were per-
formed.
Figure 6. Backside View of Tk-Rubisco DimerFirst, a calorimetric experiment was performed using
The backside of the AB dimer in Figure 4b is shown with the two-DSC (Figure 7a). In this experiment, no significant peaks
fold axis perpendicular to the plane of the figure. (a) Space-fillingcorresponding to the structural changes of Tk-Rubisco
representation. Monomers A and B are shown in light yellow and
were observed until the enzyme was denatured at ap- light green, respectively. Residues in a buried surface area for the
proximately 108C. Second, CD spectra of Tk-Rubisco L2-L2 interactions are colored in yellow and green, in monomers A
were measured at 20C–90C (Figure 7b). In this case, and B, respectively. In monomer A, the positions of ionic residues
that significantly contribute to the L2-L2 interactions (Figure 5) areno significant change of spectra was observed, indicat-
indicated. (b) Electrostatic surface potential. Red and blue indicateing that the enzyme maintains secondary structure at
negative and positive potentials, respectively. In monomer A, theleast until 90C. Third, the assembly of Tk-Rubisco at
positions of negatively charged residues that significantly contribute
high temperatures was investigated by using chroma- to the surface potential are indicated.
tography. At 20C, the decameric Tk-Rubisco displayed
a molecular weight of approximately 400 kDa and 440
kDa, respectively, by using GPC and the FPLC system displays a  value of 80–90, while that of the type II
R. rubrum enzyme is 10–20. Interestingly, despite the(Amersham Pharmacia Biotechnology) with protein
markers (data not shown). At elevated temperatures up absence of S subunits, Tk-Rubisco reveals remarkable
carboxylase specificity around 90C ( value of 310) [31].to 99C, GPC was performed using various chain lengths
of pullulan as a molecular weight marker. At all tempera- The unique (L2)5 assembly of the enzyme may also induce
a conformation leading to the high CO2 selectivity of Tk-tures examined, a single homogenous peak of Tk-
Rubisco was obtained, and the estimated molecular Rubisco without the aid of S subunits.
weight did not change from 20C–99C (Figure 7c). Alto-
gether, these three experiments consistently indicate Biological Implications
that Tk-Rubisco actually maintains its secondary struc-
ture and decameric assembly even at high tempera- Rubisco is a well-known enzyme playing an important
role in carbon dioxide fixation in eucarya and bacteriatures.
In type I enzymes, it has been proposed that S sub- [1–3]. Rubiscos were so far classified into two types
(type I [L8S8] and type II [L2]). The presence of the enzymeunits affect the conformation of the L subunits, leading
to higher activity and carboxylase specificity compared has recently been reported also in archaea, though its
physiological role has not been elucidated yet [31–33].to type II enzymes [1, 2, 37]. The type I spinach enzyme
Pentagonal Structure of Archaeal Rubisco
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surface. Furthermore, a highly negative charge was ob-
served in the backside of each L2 dimer. It makes the
inside of the ring highly hydrophilic, which is considered
to enhance the solubility of this enzyme.
In this study, structural analysis clarified the unique
characteristics of Tk-Rubisco, especially focused on its
novel quaternary structure. Considering together the
low sequence homology with type I and type II Rubiscos,
we propose that this enzyme should be classified as a
novel type III Rubisco. Identification of its physiological
function, especially its contribution to carbon dioxide
fixation, will be an attractive subject to address in the
future.
Experimental Procedures
Crystallization and X-Ray Data Collection
Crystallization and native data collection of recombinant Tk-Rubisco
is previously described [32]. A heavy-atom derivative was prepared
by soaking the crystals in a mother liquor containing 10 mM samar-
ium chloride. X-ray diffraction data were collected at the Photon
Factory (PF) and SPring-8, Japan. A screenless Weissenberg cam-
era with a cylindrical cassette [38] was used at PF. The diffrac-
tion intensities were recorded on imaging plates and read out on a
Fuji BAS2000 scanner. The data were processed by DENZO and
SCALEPACK [39].
Phasing, Structure Determination, and Structure Analysis
Heavy-atom sites were determined by SHELX [40], which showed
that each monomer binds one samarium atom. Initial phases were
calculated by MLPHARE [41], and the NCS averaging was performed
by DM [41]. The structural model, initially constructed by homology
modeling with the ExPasy server [42], was fitted to the electron
density map using O [43]. Refinement, calculation of solvent-acces-
sible surface area, and identification of the residues for subunit
interactions (Figure 1) were performed by CNS [44]. The stereochem-
istry of the structure was assessed by PROCHECK [41]. The 1AUS
coordinates in the database are from the activated ligand-free spin-
ach enzyme and not from the nonactivated enzyme. Protein Data
Bank (PDB) coordinates of inactivated Rubiscos 1AUS (spinach) [8],Figure 7. DSC, CD, and GPC of Tk-Rubisco
5RUB (R. rubrum) [26], and the RuBP molecule from 1RCX (spinach)(a) DSC. Measurements were repeated with various protein concen-
[11] were used for comparison. PDB coordinates of activated Ru-trations from 0.1 to 3.0 mg/ml, and consistent results were obtained.
biscos 1RXO (spinach) [11] were used to make Figure 5. The super-The result at 1.0 mg/ml is shown.
imposition of types I, II, and III Rubiscos (Figure 3) was performed
(b) CD spectra. Measurements were performed from 20C to 90C by LSQMAN [45]. Figures 2–6 were prepared by MOLSCRIPT [46],
at 10C intervals, and the results at 20C (red), 50C (blue), 70C CONSCRIPT [47], and Raster3D [48], except that the electrostatic
(green), and 90C (black) are shown. surface potential (Figure 4b) was calculated and displayed with
(c) GPC. Measurements were performed from 20C to 99C. The GRASP [49].
ratio of molecular weight at high temperatures divided by that at
20C is shown. Differential Scanning Calorimetry, Circular Dichroism,
and Gel Permeation Chromatography
The DSC experiment was performed on the Nano II DSC (model
6100, Calorimetry Science, Spanish Fork, UT, USA). The enzyme inThe present study provides the first structure of an 100 mM Bicine-KOH buffer (pH 8.3) containing 10 mM MgCl2 was
archaeal Rubisco, from the hyperthermophilic archaeon scanned from 30C to 125C at 1C/min. The CD experiment was
T. kodakaraensis KOD1. Despite the low sequence ho- performed using the spectropolarimeter J-820 (JASCO, Tokyo, Ja-
pan). In this experiment, the enzyme (0.2 mg/ml) was dialyzedmology [31], monomer (L) and dimer (L2) structures of
against 10 mM Tris-HCl (pH 8.3) buffer containing 10 mM MgCl2 toTk-Rubisco were well conserved compared with those
avoid light absorption by Bicine molecules, and the solvent spectraof type I and type II enzymes. However, the enzyme
were subtracted from those of the protein solution. The measure-showed a novel quaternary structure: an (L2)5 pentagonal ments were conducted three times and averaged. The GPC experi-
decamer. We also provide evidence that Tk-Rubisco ment at various temperatures was performed by using the chroma-
can actually exist as a decamer in vivo at high tempera- tography system HLC-8120GPC (TOSOH, Tokyo, Japan). The
enzyme was applied to TSKgel GMPWxl column and eluted withtures. In its unique L2-L2 interface which includes rims of
100 mM Bicine-KOH buffer (pH 8.3) containing 100 mM MgCl2.the L-L dimerization surface, an extensive ionic network
was observed. This ionic network is considered to stabi-
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